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Graphene oxide (GO) holds high potential for various applications due to its extraordinary properties 
as well as easy scalability and functionalization. Particularly, thermally driven structural evolution in 
GO might play a key role in enhancing and controlling its properties. Numerous experimental studies 
use this evolution to tailor GO and it was predicted through various theoretical studies. However, 
there is still a lack of direct experimental observation and these findings rely on modelling or indirect 
conclusions. Here, we present an extensive transmission electron microscopy study backed by 
structural and chemical analysis as a first direct observation of the thermally driven structural 
evolution. It is shown that graphitic domains dramatically increase including areas over 200 nm2. This 
change can be attributed to the thermally driven agglomeration of functional groups. In good 
agreement with previous theoretical predictions, this process is combined with a slight decomposition 
and composition changes in functional groups. Furthermore, the crucial role of this phenomenon for 
the room temperature stability of GO is confirmed and a so far unnoticed role of the environment on 
the agglomeration process is revealed.  
 
Graphene oxide (GO) is a versatile material with a  broad spectrum of possible applications such as water 
purification, gas separation, energy storage, and energy harvesting1–8. This is not only attributed to its 
superior properties but especially to the easy handling and scalability9–11. Despite its promising nature, 
various challenges must be overcome in the same scalable manner to push GO to the next step towards 
an industrial impact. In that sense, mild thermal treatment of GO revealed itself as a powerful and 
scalable tool as it leads to substantial increase in electrical conductivity, adsorption in the visible region12, 
facilitation of cell capture13, high increase in capacity14, as well as in mechanical strength15 and the 
possibility to tailor the outcome of subsequent reduction5. These studies explain the improvements by 
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a thermally driven agglomeration of the functional groups on the GO basal plane as follows. Mild 
temperatures (around 80 °C) allow the functional groups to diffuse and cluster. As a consequence a 
pronounced ordering of the sp2/sp3 phase (graphitic/functionalized domains) is achieved, increasing the 
size of graphitic domains without compromising with the oxygen content 5,12–14,16. According to theory, 
this mechanism is regarded as essential for the room temperature stability of GO17,18. Moreover, various 
theoretical works support facile diffusion and energetically favourable clustering of oxygen 
functionalities5,12–14,16–21. Despite its importance from a fundamental science as well as potential 
application point of view, there is still a lack of a direct experimental observation of the oxygen clustering 
in GO upon mild thermal treatment. 
In this study, an extensive transmission electron microscopy (TEM) study on monolayer GO is conducted 
and the clustering of the oxygen functionalities is observed. A comparison of heat treatment in air and 
vacuum reveals its dependence on the environmental conditions, neglected by the literature so far. The 
findings are further supported by an extensive chemical and structural analysis, especially solid state 
nuclear magnetic resonance (SSNMR) measurements. Patches of GO covered TEM grids, GO powder, 
and GO films were heat treated in vacuum and air at 80 °C for several days. The temperature of 80 °C 
was chosen as previous studies indicate that this temperature is optimal for the agglomeration 
process5,12–14,16. It is below the decomposition temperature of functional groups and leads to most 
prominent changes in the properties of GO12. 
 
Results 
It  is possible to classify TEM images of GO monolayer into high contrast and disordered areas containing 
oxygen functionalities and low contrast and ordered areas representing graphitic domains22,23. 
Therefore, by TEM imaging the state and distribution of the sp2/sp3 phase can be directly observed. Fig. 
1 A1-2, exemplary show a comparison of TEM images of untreated GO monolayer and heat-treated GO 
(80 °C, 14 days in air). For clarity, well-ordered areas (graphitic domains) have been marked in light blue 
while disordered areas (functionalized areas) remain in grey colour. Since this destinction is only possible 
in monolayer GO, only monolayer regions were taken into account for the analysis. The identification of 
monolayer regions is described in supplementary Fig. S1. Consistent with previous studies22, the 
untreated GO show graphitic domains with a size of mainly 1-10 nm2. However, the 14 days samples 
show fewer and larger graphitic areas with sizes up to 200 nm2. Therefore, the heat-treated GO shows a  
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Figure 1 TEM study of heat treatment in air and vacuum (A1+2) TEM image of untreated and 14 days heat treated monolayer GO in air. 
Graphitic domains are marked in light blue (B) Exponential decay of the number of separate graphitic domains (C) Average percentage 
coverage of graphitic area  (D, E) Histograms of the size distributions of graphitic domains for increasing days of heat treatment in air and 
vacuum. Day 0 samples represent the same untreated GO. Error bars for (B) and (C) come from standard deviation averaging over 6-12 
images. 
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clear increase in size of graphitic domains. A time-course for heat treatment in air and vacuum is shown 
in supplementary Fig. S3 A and B revealing the gradual increase in size of the graphitic domains.  
For a representative view of the changes during heat treatment, a statistical approach averaging over 6-
12 images per heat treatment day was undertaken. Analysing the development of the number of 
separate graphitic domains, their size distribution as well as the percentage coverage of graphitic area 
per image allows to quantify a potential ordering process upon mild thermal heat treatment (see also 
supplementary Fig. S2 for a description of analysis process). Fig 1, B to E, summarize these findings for 
heat treatment in air and vacuum. In both environments, the number of graphitic domains per image 
(27x27 nm) decreases exponentially with time (Fig. 1B). Simultaneously, the average percentage 
coverage with graphitic area remains constant within the measurement capabilities (Fig. 1C). The 
histograms in Fig. 1D and 1E of the size distribution show that the size of the graphitic domains 
subsequently increases with time, giving rise to graphitic domains up to the range of 150-250 nm2 after 
14 days of heat treatment in air. As mentioned above, such large graphitic domains are not observable 
in untreated GO. Comparing the heat treatment in air and vacuum reveals that the number of graphitic 
domains increases faster but saturates quicker in a higher amount of smaller graphitic domains in 
vacuum than in air.  
The observed changes in the graphitic domains could also origin from a removal of adsorbates such as 
hydrocarbon and physiosorbed oxygen as well as from the decomposition of functional groups22,24. The 
fact that the percentage coverage with graphitic area does not undergo drastic changes under mild 
thermal treatment (Fig. 1C) and electron exposure (see supplementary Video S1), suggests that the 
changes do not mainly origin in decomposition of functional groups or removal of adsorbates. However, 
more subtle changes to the composition and number of functional groups do not lie within the sensitivity 
of this measurement technique. Therefore, additional chemical and structural analysis of the evolution 
of GO under mild thermal treatment are performed.  
Complementary to the TEM study, GO films fabricated via vacuum filtration and GO powder were 
structurally and chemically analysed before and after heat treatment. Supplementary Fig. S4 A and B 
show the FTIR spectra of the GO films annealed in air and vacuum. Generally, the broad peak around 
3000-3500 cm-1 is attributed to -OH groups. Between 1618 cm-1 and 1625 cm-1 three peaks overlap from 
intercalated H2O, C=C and C=O. The region of 1000 cm-1  and 1300 cm-1 can be assigned to C-O and C-O-
C functionals12,16,25. The broad peaks around 3000-3500 cm-1 undergo a change and reduction during the 
14 days heat treatment period in air, the peak assigned to C=C gains in intensity. In contrast, the vacuum 
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heat-treated samples show no changes in the -OH functional groups. However, a slight change in the 
composition of the C-O and C-O-C functionals is observable. It may be noted, that in both cases the 
signature of the functional groups remains largely intact.  
 
Fig. 2A-E show the XPS spectra over the course of heat treatment. Fig 2A-B show the C1s peak of heat-
treated GO in air and vacuum. The results for heat treatment in vacuum are similar. The C-C slightly gains 
intensity compared to the C-O and C=O during both heat treatment processes. One can see that the 
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Figure 2 XPS analysis of GO films heat treated in air and vacuum. (A/B) C1s peak development for heat treatment in air/vacuum. (C/D) 
O1s peak development after heat treatment in air/vacuum. (E) C/O ratio time-course for heat treatment in air and vacuum. 
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 Figure3 SSNMR study over the time course of annealing. (A) SSNMR spectra of GO annealed in air at 80°C. Peaks 1-6 are assigned following 
previous studies26,27 to 1: C=O, 2: O=C-O, 3: sp2-Carbon, 4: O-C-O, 5: C-OH and 6: C-O-C (B) Concentration of functional groups derived from 
deconvolutional peak fitting with Gaussian functions of SSNMR spectra for GO annealed in air. (C)  SSNMR spectra of GO annealed in vacuum 
at 80°C (D) Concentration of functional groups derived from deconvolutional peak fitting with Gaussian functions of SSNMR spectra for GO 
annealed in vacuum. Error bars were depicted from signal to noise ratio. For the Peaks 1,2 and 4 the ratio is too high and does not allow 
quantifiable statements, indicated by the grey background. 
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shape and position of the O1s peak is mostly unaffected by the heat treatments (see Fig. 2 C and D). In 
line with that, the C/O ratio in Fig. 2E, which also does not significantly change over the time of heat  
treatment in air and vacuum. The C/O ratios were calculated as a mean value of at least five different 
survey scans for each sample. The standard deviation results in the given error bars. The slight increase 
of the C-C peak may be attributed to an increase in graphitic area and the unchanged O1s peak suggests 
that the chemically bound oxygen remains qualitatively unchanged upon heat treatment in both 
environments12,25. 
To conclude the chemical analysis, Solid State Nuclear Magnetic Resonance (SSNMR) measurements 
over the course of the heat treatment on dry GO powder were performed. The principal features of all 
our 13C spectra lie in good agreement with GO spectra shown in the literature 26,27. Following these 
studies, the three most prominent peaks around 60 ppm, 70 ppm and 130 ppm are assigned to epoxy, 
hydroxyl and sp2 carbon. The three additional, low intensity peaks are assigned to lactol (~100 ppm), 
carboxylic acid (~167 ppm) and ketone (~190 ppm) (see Fig. 3A). From deconvolution of the peaks, the 
development of the relative percentage over the course of heat treatment can be traced. As shown in 
Fig. 3B an increase of sp2 carbon by 6 % over 14 days of heat treatment in air can be observed. It may be 
noted that the increase is most prominent in the first 5 days and becomes less with ongoing heat 
treatment. Simultaneously, the relative intensity of the epoxy peak decreases by 7 % and hydroxyl 
increases by 3 %. For the prominent peaks labelled as 3, 5 and 6 the signal to noise ratio gives an error 
bar of ~1 %. For the weak intensity peaks from carboxylic acid, ketone and lactol changes are indicated, 
but the signal to noise ratio does not allow quantifiable statements. Hence, in Fig. 3 B and D their 
concentrations are represented under a grey area which indicates the sensitivity of the experiment.  
In vacuum, the changes in composition of functional groups are less pronounced than in air. The sp2 
carbon increases by 3 %, while epoxy groups decrease by 6 % and hydroxyl groups increase by 2 %. 
Similar to treatments in air the weak intensity peaks from carboxylic acid, ketone and lactol changes are 
indicated, but the signal to noise ratio does not allow quantifiable statements. According to the widely 
accepted Lerf-Klinowski-model for GO from Hummers’ method, epoxy and hydroxyl groups are 
prominent on the basal plane, while carboxylic acid, ketone and lactol are mostly present on the edges26–
29. Thus, to investigate the behaviour of functional groups on the basal plane upon heat treatment the 
latter groups are neglected in the further discussion.  
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Discussion  
To interpret our results, we follow several theoretical and experimental studies suggesting that thermally 
driven diffusion leads to an energetically favoured agglomeration of oxygen functional groups12,14,17–19,21.  
This fits well with the observations of our TEM study, as well as chemical and structural analysis. The 
simultaneous decrease in number and increase in size of graphitic domains suggest that the annealing 
leads to an ordering process.  As possible decomposition of functional groups could also be responsible 
for increasing the size of graphitic domains observed in TEM, we performed additional control measures 
and an extensive chemical and structural analysis that will be discussed in the following.  
The average coverage with total graphitic area stays stable within the detection limit of our TEM study. 
The FTIR spectra suggest that the composition of functional groups largely remains constant during the 
mild thermal treatment.  The mostly constant C1s, O1s and C/O ratio, obtained by XPS, further supports 
that the chemically bound oxygen is only marginally affected by the heat treatment. Since FTIR is not 
quantitative and XPS only probes the first few nm of the samples, SSNMR measurements were 
performed. This helps to reduce possible influence of physiosorbed oxygen which could lead to a false 
impression of C/O ratio in XPS16. Interestingly, the SSNMR spectra reveal a slight increase of sp2 carbon 
by 6 % and 3 %, combined with subtle changes to the composition of functional groups over the course 
of 14 days heat treatment in air and vacuum. Therefore, all our analytical techniques consistently show 
that the loss of chemically bond oxygen is marginal compared to the observed large increase in graphitic 
domain sizes in TEM. Thus, we mainly attribute these changes to the diffusion and agglomeration of 
functional groups.  
A closer look on the SSNMR and TEM results can reveal more details on the nature of the agglomeration 
process. According to Zhou et al. neighbouring functional groups can form O2 and H2O molecules, by 
decomposition reactions of neighbouring functional groups. However, in clusters of functional groups 
this decomposition is endothermic and further damped by geometrical factors17. Thus, the reaction at 
80 °C is unlikely and very slow explaining the observed moderate decomposition rate in this study. As it 
was further predicted by Zhou et al., the most effective low-temperature decomposition is between pairs 
of epoxy and hydroxyl on the same side of graphene. Consequently, the possibility for those effective 
pairs to meet would decrease with increasing size of the oxidized areas. Hence, the decomposition 
probability of functional groups is reduced17. The correlation between increasing size in oxidized regions 
(agglomeration), observed in TEM and decreased decomposition rate, observed in SSNMR indicates a 
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confirmation of this hypothesis. The fact that the decomposition can be primarily attributed to a 
decrease in epoxy groups underlines the rational of this explanation.  
In more detail, previous theoretical and experimental studies13,16–20 suggest that the slight 
decomposition of functional groups after agglomeration is accompanied by a change in the composition 
of functional groups in the air atmosphere. In SSNMR, we observe a slight increase in hydroxyl groups by 
3 %, while the epoxy groups are decomposed by 7 %. This fits well with predictions based on DFT 
calculations from Kim et al. that the epoxy groups are more prone to decomposition compared to 
hydroxyl. Moreover, a transition from hydroxyl to epoxy is energetically favoured18. SSNMR studies on 
13C-labelled GO could give more insights into the possible role of edge functionalities in this 
process19,20,27.  
The comparison between heat treatment in air and vacuum also supports these findings since the results 
are similar and thus reproduced. Interestingly, the results differ in detail. According to our TEM results, 
the enhancement of graphitic domains takes place faster but is less pronounced in vacuum than in air. 
As shown with our SSNMR analysis, the increase in sp2 carbon is less pronounced in vacuum, indicating 
that the decomposition of functional groups is slower in vacuum than in air. This might contribute to the 
fact that the observed graphitic domains are larger in air than in vacuum after 14 days of heat treatment. 
However, it does not explain why the agglomeration in vacuum is slightly faster than in air. Therefore, 
our observations show, that the diffusion, agglomeration and decomposition process in air and vacuum 
are different. A detail, that did not get any attention in the literature yet and thus need further 
experimental and theoretical investigations. 
Additionally, we observe a decrease in interlayer spacing that can also be explained by enlarged graphitic 
areas (see supplementary Fig. S5A). Functional groups in GO act as pillars between two adjacent GO 
layers30. Upon increasing their distance by agglomeration, larger graphitic areas begin to sag and 
decrease the average interlayer space. As a side effect, the range of interlayer spaces becomes wider, 
resulting in an increase in the width of the XRD peak (see supplementary Fig. S5B). Previous studies 
attributed the decrease in interlayer space to the loss of intercalated water. In this case that might be 
true to a certain degree as well. However, the more pronounced changes in air than in vacuum contradict 
with this explanation. We want to add that the observed changes in the composition of functional groups 
might also play a role in changes of interlayer spacing. 
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Conclusion 
In summary, we present the first direct experimental observation of the thermally driven structural 
evolution in GO, a phenomenon which was so far only indirectly observed or predicted in theory. We 
show that the graphitic domains are strongly enlarged while the oxygen content and chemical structure 
of the functional groups is marginally compromised. However, a slight decomposition and subtle changes 
in the composition of functional groups are observed, that we can be largely attribute to a decomposition 
of epoxy groups. By correlating a gradual decrease in decomposition rate to the agglomeration process, 
it is confirmed that this process contributes to the stability of GO at moderate temperatures in air 
atmosphere. Additionally, we show that the decomposition and agglomeration of functional groups is 
influenced by the environment which calls for further investigations. 
All in all, this study helps to support various theoretical predictions with experimental data and to 
understand and control an easily scalable way to enhance the properties of GO films for numerous 
possible applications. 
 
Materials and methods   
Preparation on monolayer GO-TEM grids 10 µl of the highly diluted and sonicated GO solution was dropped on each TEM 
grid. By that, a sufficient coverage with mono- and few layer GO was accomplished. Distinguishing between mono- and few 
layers be analysing the diffraction pattern is straight forward and described in detail in the SI. Between heat treatment and 
analysis, the samples were stored in a desiccator. 
 
GO films. GO films were fabricated using the vacuum filtration method as described in our previous studies 3,31,32. With a 
pressure of 60 kPa the GO solution was filtrated through a PVDF support membrane. All the GO films have the same average 
effective size of ~3.0 cm2. Before further use the films were dried and stored in a desiccator. 
 
Heat treatment in air and vacuum. GO-TEM grids, GO films and powder were annealed in the same conditions in vacuum 
and air. One batch of samples were placed onto a hot plate at 80 °C ± 5 °C and covered with a glass container. The 
temperature was constantly monitored with a thermocouple around multiple spots of the samples. Another batch of samples 
were placed in a vacuum oven at 80 °C ± 1° C. The temperature was also monitored at multiple spots via a thermocouple 
inside the oven. The base pressure was 3*10-3 mbar. To remove residual oxygen and moisture, highly purified N2 was let into 
the chamber with a mass flow controller so that the pressure is at 1.8*10-1 mbar. Before initially starting the experiment and 
after subsequently removing samples from the oven, care was taken that the base pressure was reached and N2 was let into 
chamber for at least 30 minutes before start heating again. 
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Characterization. TEM images were obtained using a JEOL JEM-F200 at 80 kV to avoid damage to the GO. XPS measurements 
were carried out on an ULVAC-PHI 5000 Versa probe II, with an Al-Kα monochromatic X-ray source (energy = 1486.68 eV). C 
1s = 284.8 eV for adventitious hydrocarbon was used as binding energy reference. XRD patterns were collected with an 
Empyrean Thin-Film XRD. FTIR spectra were recoded with a PerkinElmer Spectrum 100/Spotlight 400 in attenuated total 
reflectance. The 13C nuclear magnetic resonance (NMR) experiments were performed using a Bruker AVANCE III 300 
spectrometer, with a 7 Tesla superconducting magnet, operating at frequencies of 300 MHz and 75 MHz for the 1H and 13C 
nuclei, respectively. Approximately 40 mg each of sample was centre packed into 4 mm zirconia rotors fitted with Kel-F ® caps 
and spun to 12 kHz at the magic angle. The quantitative 13C NMR spectra were acquired with a Hahn-echo sequence to ensure 
a flat baseline, and 100 s recycle delay to ensure complete signal relaxation. The 1H decoupling was achieved using a SPINAL-
64 with a 71 kHz decoupling field strength, and 768-1024 signal transients were co-added to ensure sufficient signal to noise.  
The 90° pulse lengths of 4 μs and 3.5 μs were used for the 13C and 1H nuclei respectively.  The Glycine C=O resonance set to 
176.4 ppm was used to reference the NRM chemical shifts.   
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TEM study 
Identification of monolayer GO  
 
Development of micrographs upon electron irradiation 
Video S1 shows the development of the micrograph of a GO single layer sheet over the course of 80 s. 
The pictures were taken in two second intervals and the video shows 8 frames per second. Care must be 
taken in the interpretation of such images, since the distinction between oxygen functional groups and 
other adsorbates, such as hydrocarbons are not directly possible3–5. It is apparent that the overall 
graphitic area does not change significantly over the course of the recorded time. The heating caused by 
the electron beam leads to movement and desorption of lightly bound adsorbates such as hydrocarbons 
and physiosorbed oxygen on the graphitic areas. If those adsorbates were dominantly present, the 
exposure would lead to an increase in graphitic area over the time the images are taken3,6. This is not 
the case. However, movements of the graphitic domain borders and rare creation of holes are 
observable, matching the argumentation and observation by Erickson et al.3. Some adsorbates might still 
be bound to the oxidized areas, but this does not compromise with any of the analysis or conclusions 
Figure S2 Typical diffraction pattern of the regions used for analysis. It indicates the presence of monolayer GO. A line 
profile (red dotted line) shows that the {1-210} type reflections intensity is lower than the {0-110} type reflections intensity. 
With no significant sample tilt, this suggests the presence of monolayer GO as discussed in previous studies1–3  
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taken in Fig. 1 of the main text since they only rely on the distinction between graphitic domains and 
functionalized areas. 
 
Analysis of TEM images and statistical approach 
For each data point shown in Fig 1B-C in the main text, 6-12 TEM images were acquired and analysed. 
Supplementary Figure S2 exemplary shows the visual processing of such a TEM image. All images have 
the same size of 27x27 nm. The graphitic domains are marked in light blue. By converting the image into 
a black and white image, it becomes processable with the particle analysing function of the software 
Image J. By that, the total coverage with graphitic area as well as the size distribution and number of 
separate graphitic domains are recorded and visualized in Fig 1B-E 
 
Figure S2 Visual processing of TEM images to obtain average coverage, size distribution and number of graphitic 
areas 
Time-course for heat treatment in air and vacuum  
In supplementary Fig. S3, the development of GO during heat treatment in vacuum and air is shown. As 
stated in the main text, the sample annealed in vacuum show a similar trend as the ones in air. One can 
see that the graphitic domains increase in size and decrease in number. These types of images are the 
basis for the results shown in Fig 1 in the main text.  
16 
 
 
 
Figure S3 Time course of GO after heat treatment in air/vacuum (A, B). Graphitic domains are marked in light 
blue/red for treatment in air/vacuum 
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Supplementary structural and chemical analysis 
FTIR 
 
Figure S4 FTIR spectra for heat treated GO films in air and vacuum.  
XRD 
 
Figure S5 Analysis of XRD pattern over the course of heat treatment in air and vacuum. 
Fig. S5A shows the development of the interlayer space upon heat treatment in vacuum (red) and air 
(blue). Each dot was measured by fitting the (001) peak of the XRD spectrum recorded for each sample. 
The angle 2Θ was then converted into an interlayer space by using Bragg’s law and the X-ray wavelength 
of 1.54 Å.  
Both heat treatments result in a smaller interlayer space. However, the treatment in air leads to a more 
pronounced reduction in interlayer space, resembling in a difference in interlayer space of about 0.1 nm 
between vacuum and air treated samples after 14 days of heat treatment. Moreover, as shown in Fig. 
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S5B, the width of the corresponding gaussian fits increase in air and vacuum with a stronger increase in 
air treatment. 
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